Abstract. Surface ozone, a man-made air pollutant, has been severe during summers in the eastern parts of China, damaging human's health and flora and fauna. During 2015-2018, ground-level ozone pollution increased year by year and intensified 10 from south to north. In North China and Huanghuai region, the O3 concentrations were highest. Two dominant patterns of summer ozone pollution were determined, i.e., a south-north covariant pattern and a south-north differential pattern. The anomalous atmospheric circulations composited for the first pattern manifested as a zonally enhanced East Asia deep trough and as a west Pacific subtropical high whose western ridge point shifted northward. The local hot, dry air and intense solar radiation enhanced the photochemical reactions to elevate the O3 pollution levels in North China and Huanghuai region. For 15 the second pattern, the broad positive geopotential height anomalies at high latitudes significantly weakened cold air activity, and those extending to North China resulted in locally high temperature near the surface. In a different manner, the west Pacific subtropical high transported sufficient water vapor to the Yangtze River Delta and resulted in locally adverse environment for the formation of surface ozone. Furthermore, the implications for the interannual differences in summer O3 pollution have also proven to be meaningful.
Introduction
Ozone occurs both in the stratosphere and at ground level. Stratospheric ozone forms a protective layer that shields us from the sun's harmful ultraviolet radiation. However, surface ozone is a man-made air pollutant and has harmful effects on people and on the environment, such as damaging human lungs (Day et al., 2017) and destroying agricultural crops and forest vegetation centred on the Beijing-Tianjin-Hebei region and in western Shandong province exceeded 150 μg/m³. In the transitional zone, i.e., between 28 o N and 32 o N, the MDA8 varied from 100 μg/m³ to 120 μg/m³. Surface O3 pollution was closely linked to the anthropogenic emissions that dispersed and concentrated in the large cities. In the YRD and PRD, high levels of MDA8 were around the large cities. However, the high-level O3 values in the NH region were contiguous, indicating extensively severe surface O3 pollution.
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The maximum values of MDA8 for four summers were extracted to evaluate the levels of O3 pollution from another angle (Figure 1b) . To the north of 30 o N, the maximum MDA8 at most sites was above 265μg/m³, indicating that the levels of O3 pollution had exceeded the threshold of severe surface O3 pollution in China (The Ministry of Environmental Protection of China, 2012) . In Beijing and Tianjin, two large cities in NC, the MDA8 values were nearly above 100 μg/m³ and frequently exceeded 215 μg/m³ (Figure 2a ). The percentage of non-O3-polluted days (<100 μg/m³) and moderate O3-polluted days (>215 90 μg/m³) were 14.4% and 15.3%, respectively, indicating that more than 85% O3 concentrations exceeded the health threshold and that for more than 15% of summer days, O3 concentrations moderately damaged human health. The maximum MDA8 in the north of Hebei province and in eastern Shandong province even exceeded 320 μg/m³, which badly injured the health of local citizens. In Shijiazhuang and Weifang, the MDA8 levels were lower than those in Beijing and Tianjin during 2015-2016, but dramatically increased to levels comparable to those of Beijing and Tianjin in 2017 and 2018 (Figure 2b ). In Nanjing and 95 Shanghai, located in the YRD, the MDA8 did not show a clear increasing trend (Figure 2c ). Similar to the distribution of the mean MDA8, the maximum MDA8 to the south of 30oN was lower by comparison. Although approximately 60% of summer days were non-O3-polluted in the cities of Guangzhou and Zhongshan (Figure 2d ), severe O3 pollution also occurred in the PRD ( Figure 1b) . The surface O3 levels in Fujian province were the lowest seen in eastern China, represented by both the mean MDA8 of 70-90 μg/m³ and maximum MDA8 of 160-200 μg/m³. These features, i.e., high-level MDA8 and south-north 100 differences, can also be observed in the MDA8 measurements for each year ( Figure S1 ). Considering the characteristics of the observed MDA8 mentioned above, an empirical orthogonal function (EOF) was used to explore the dominant patterns of summer ozone pollution in eastern China (Figure 4 ). The percentage of variance contribution for the first three patterns were 21.5%, 15.5% and 8% respectively. Approximately 37% of the variability in the original data 110 was contained in the first two patterns, therefore, they were defined as the dominant patterns of surface ozone pollution. In the first EOF pattern (PAT1), the observed MDA8 at different sites changed similarly and the centre of variation was located in the NH area (Figure 4a ). The time series of EOF1 showed that the ozone pollution during 2017-2018 was more serious than that in 2015 and 2016 ( Figure 4b ). Differently, the second EOF pattern (PAT2), showed notable south-north difference, with centres in the NC and YRD regions ( Figure 4c ). The time coefficient of PAT2 also did not show an obvious increasing trend ( Figure   115 4d). The PAT1P (PAT2P) and PAT1N (PAT2N) events were defined as when the time series of EOF1 and EOF2 were greater than one standard deviation and less than -1×one standard deviation, respectively. Figure 4 illustrates the composite results for the dominant patterns of surface ozone. The ozone concentrations for the PAT1P classification were generally greater than those for PAT1N (Figure 5a -b). The MDA8 values in the NH region were >160 μg/m³ and <120 μg/m³ for PAT1P and PAT1N, respectively, indicating significant differences. For the second pattern, the PAT2P appeared as a diminishing pattern from the north to the south, however, there was severe ozone pollution in the YRD under PAT2N conditions. Therefore, the centres of O3 variation were NH for the PAT1, and NC and the YRD for the PAT2. From the variations in summer MDA8 (Figure 6 ), the surface O3 concentrations in these three areas increased from 2015 to 2017 and remained high in 2018 ( Figure 6 ).
Associated atmospheric circulations
Associated atmospheric circulations were composited for PAT1 (PAT1P minus PAT1N) and PAT2 (PAT2P minus PAT2N).
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For the first pattern, the most noticeable O3-changed region was NH (Figure 4a ). The correlation coefficient between the time series of PAT1 and the NH-averaged MDA8 was 0.97 (Table 1) . Thus, the effects of the anomalous atmospheric circulations mainly acted on the photochemical reactions near the surface in NH. There were negative Z850 anomalies over the Ural
Mountains, indicating a weaker high ridge. Over the broad region from eastern Eurasia to the north Pacific, the anomalous atmospheric circulations were located zonally, i.e., positive Z850 on the subtropical zone, with cyclonic anomalies at the mid 130 to high latitudes and positive anomalies on the polar region ( Figure 7a ). The East Asia deep trough was enhanced and extended to northeast China and Japan. The intensity of the East Asia deep trough (i.e., the negative area-averaged Z850) positively correlated with the time series of PAT1 (Table 1 ) with a correlation coefficient of 0.28 (above the 99% confidence level). In accordance with the deep positive height anomalies to the north of Lake Baikal, which also extended southward to the edge of the Tibetan Plateau, cold air activity was transported to the lower latitudes, but did not arrive at the NH region ( Figure 7a ).
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Influenced by the enhanced East Asia deep trough, the main body of WPSH shifted southward. The location of WPSH ( 500 (125 0 , 20 0 ) − 500 (125 0 , 30 0 ) ) also showed a positive correlation with the time series of PAT1 (R=0.39, Table 1 ).
However, the western ridge point of WPSH was northward and westward than normal (being indicated by 500 (110 0 , 30 0 ) ), and occupied the NH area, which was significant with the time series of PAT1 (R=0.24, above the 99% confidence level).
Although the local anomalous anticyclone over the east of China seemingly delivered water vapor to North China (Figure 7b ), 140 the channel of moisture was already cut off in the ocean at low latitudes by the positive and zonal anomalies in the subtropical regions ( Figure 7a ) and resulted in a dry environment in NH from surface to 500 hPa (Figure 7c) . Furthermore, the associated descending motions not only enhanced the efficient adiabatic heating (Figure 7c ), but also suppressed the development of convective activity (Figure 7d ). The correlation coefficients between the time series of PAT1 and NH-averaged precipitation, SAT, and downward solar radiation at surface were -0.44, 0.14 and 0.45, respectively, all of which exceeded the 99% 145 significance test (Table 1) . The large-scale atmospheric circulations led to sunny days with high temperatures near the surface (Figure 7a ), less precipitation (Figure 7b ), a dry environment (Figure 7c ) and intense solar radiation (Figure 7d ), which substantially enhanced the generation of ozone in NH.
Large amplitudes of PAT2 O3 were distributed in the NC and YRD regions, and furthermore, the correlation coefficient between the time series of PAT2 and the MDA8 difference between NC and the YRD was 0.77 (Table 1 ). The impacts of Table 1 . Correlation coefficients between the time series of PAT1 (PAT2) and the key indices of atmospheric circulations and meteorological conditions. "**" and "*" indicate that the correlation coefficients were above the 99% and 95% confidence level, respectively. indicate the intensity of the East Asia deep trough and were calculated as the mean -Z850, shown in the black boxes in Figure 
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